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Abstract
Solar energy is the ideal energy source for us since it is green and readily 
available everyday! However, the current PV technology has a very low 
energy conversion efficiency, rectenna technology seems to be a very 
attractive alternative for this application. In this presentation, I start from the 
basics and our motivation to work in this area, and then the main challenges 
and the solutions we have proposed. It will show that the idea of using 
rectenna to harvest solar energy is indeed a good one, the difficulty is not just 
in the design but also in the fabrication, at the moment it is just a dream – 
cannot be realised. However, at RF/microwave frequencies, high-
performance rectennas have been developed, our focus has been on high-
efficiency broadband rectennas which can harvest wireless energy from 
mobile and WiFi networks efficiently. An example of using the rectenna for an 
IoT application is provided at the end to show the potential of the technology. 
Key words: antennas, energy harvesting, rectennas, wireless energy.
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1. INTRODUCTION
What is the difference between Wireless Energy Harvesting and Power 
Transfer
Energy?
Power?
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POWER VS. ENERGY
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60 W
1.5 V 
200 mAh

12.8 V
90 Ah

Wireless Energy Harvesting (WEH)?
Wireless power transfer (WPT)?



ENERGY SOURCES
1. Solar Energy
2. Wind Energy
3. Geothermal Energy
4. Hydrogen Energy
5. Tidal Energy
6. Wave Energy
7. Hydroelectric Energy
8. Biomass Energy
9. Nuclear Power
10. Fossil Fuels (Coal, Oil and Natural Gas)
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https://www.conserve-energy-future.com/different-energy-sources.php 

Where is the wireless energy?



SOLAR ENERGY
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SOLAR CELLS

1. When sunlight shines on the cell, photons (light 
particles) bombard the upper surface.
2. The photons (yellow blobs) carry their energy down 
through the cell.
3. The photons give up their energy to electrons (green 
blobs) in the lower, p-type layer.
4. The electrons use this energy to jump across the 
barrier into the upper, n-type layer and escape out into 
the circuit.
5. Flowing around the circuit, the electrons make the 
lamp light up.
A typical, single-junction silicon solar cell has a 
theoretical maximum efficiency of about 30 percent, 
known as the Shockley-Queisser limit. 

Bandgap 
effects
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RECTENNAS
• What is a rectenna?
   It is a combination of rectifier and antenna, and an impedance 

matching network and DC pass filter may be required. 

LOADAntenna
LPF & 
Impedance 
matching

Rectifier
DC 
pass 
filter

The main attraction: 
Possible high efficiency
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AN EXAMPLE: DUAL-BAND (2.45 & 5.8 GHZ)

[Suh & Chang, 2002]
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MEASUREMENTS AND VALIDATION
• A measurement set-up similar to the following microwave 

system is proposed, the main changes are the source and 
test bench/environment. 

[Suh & Chang, 2002]

There is a non-linear effects



RECTIFIER DESIGN

• The desired rectifier, to convert AC current to DC current flowing in one 
direction, should have

• Broad bandwidth
• High-efficiency
• Full-wave rectification

• Conventional diodes cannot work above THz, new diodes, such as MIM or 
MIIM, are required
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OUR INITIAL APPROACH
• A team with all required expertise (in antennas, rectifiers, integrated 

circuits, nano-fabrication, optical and THz engineering and 
measurements) was formed in 2009.

• Some computer simulation was done.

• We aimed at developing a demonstrating rectenna array, working 
about 200 THz (1500 nm) – this represents the solar energy in far 
infrared region, with a target efficiency of 1%.
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POSSIBLE ADVANTAGES AND 
CHALLENGES

• Much higher efficiency than the current technology – no 
fundamental limit.

• May be used in day time and night time (infrared) if the 
bandwidth is made large enough as proposed

• Cost effective: they can be made using just metal and 
dielectric materials. 

• This is a completely new subject area and no one has done 
it successfully before.

• Design, fabrication and test all are challenging.
• The cost for the development is not cheap – funding is 

required.  
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A RECTENNA ARRAY

• This design meets most 
of the desired specs, but 
to be simulated, tuned, 
fabricated and tested.

Top view

Cross-section view



PATENT APPLICATION



Rice University 2011

Colorado Univ, 2004 Idaho National Laboratory 2008

What are they doing now?
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Cellular mobile 
coverage heat map 
March 2017
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THE MOTIVATION
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Can we get energy from the 
ambient wireless signals ?
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THE IDEA

Broadband 
Antenna

Matching 
Network

RF-to-DC
Rectifier

Digital TV

Mobile

WiFi

Unknown
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Receive Convert Utilize

Broadband
Rectenna
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DESIGN CONSIDERATIONS

• Bandwidth and efficiency : as large as possible for more energy

• Polarisation: dual polarisation for more energy

• Size: as small as possible

• Cost: as little as possible
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CHALLENGES

❑ Difficulties in making it broadband or multiband 

❑ Low conversion efficiency @ ambient power level

❑ Strong nonlinear effects (e.g., load variation)

❑ Complex structure in general. 
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CHALLENGES

❑ Difficulties in making it broadband or multiband

❑ Low conversion efficiency @ ambient power level

❑ Strong nonlinear effects (e.g., load variation)

❑ Complex structure for the design etc. 
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 OUR DESIGNS 
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No 1. High efficiency low power broadband rectenna

© C. Song, Y. Huang et al., “A high-efficiency broadband rectenna for ambient 
wireless energy harvesting,” IEEE Trans. Antennas Propag, May 2015. 21/02/2019 09:05

New cross-dipole with a band rejection filter
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New rectifier



 RESULTS

31

0.3 V (6 uW) DC 
output power for 
-35 dBm ambient 

power level

2G, 4G 
mobile

3G 
mobile WiFi

Significantly improved efficiency 
@ ambient power levels 21/02/2019 09:05
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CHALLENGES

❑ Difficulties in broadband or multiband designs

❑ Low conversion efficiency @ ambient power level

❑ Strong nonlinear effects (e.g., load variation)

❑ Complex structure of the design etc. 
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THE DESIGN 
No 2. Six-band rectenna with reduced load effects

 A special section for reducing the 
impedance mismatch vs. load impedance

21/02/2019 09:05

© C. Song, Y. Huang et al., “A novel six-band dual CP rectenna using improved impedance 
matching technique for ambient RF energy harvesting,” IEEE Trans. Antennas Propag, July 2016.



 RESULTS
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Covers the entire DTV, mobile,  
WiFi, and ISM bands

Consistent efficiency, 
reduced nonlinear effect
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THE DESIGN 
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Ultra wideband CP antenna

Low frequency mode
(500 – 900 MHz)

High frequency mode
(1 – 3 GHz)
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 RESULTS
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Indoor (8 uW harvested power) Outdoor (24 uW harvested power)
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THE DESIGN 
No 3. Improved non-linear performance using hybrid 

resistance compression 

21/02/2019 09:05

© Song, C., Huang, Y., Zhou, J., & Carter, P. “Improved Ultrawideband 
Rectennas Using Hybrid Resistance Compression Technique.” IEEE Trans on 
Antennas and Prop. 2017. DOI:10.1109/TAP.2017.2670359



 RESULTS
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Consistent efficiency, 
reduced nonlinear effect
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CHALLENGES

❑ Difficulties in broadband or multiband designs

❑ Low conversion efficiency @ ambient power level

❑ Strong nonlinear effects (e.g., load variation)

❑ Complex structure of the design  
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THE DESIGN 
No 4. Matching network elimination for broadband 

rectennas

21/02/2019 09:05

Song, C., Huang, Y., Zhou, J., Carter, P., Yuan, S., Xu, Q., & Fei, Z. 
“Matching Network Elimination in Broadband Rectennas for High-
Efficiency Wireless Power Transfer and Energy Harvesting.” IEEE Trans 
on Industrial Electronics, 64(5), 3950-3961. 2017
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THE DESIGN 
Off-centre-fed dipole

Long 
arm 

(mm)

Short 
arm 

(mm)

Real part

at f0 (Ω)

90 10 320

80 20 165

70 30 102

60 40 79

50 50 73
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THE DESIGN 
Broadband high 

impedance antenna
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 RESULTS

43

Well matched with different 
types of diodes
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 RESULTS
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Broadband & high efficiency
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 RESULTS
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Reduced nonlinear effect vs. 
load variations
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Wireless Sensors

IOT APPLICATIONS
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SYSTEM DESIGN
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Wireless sensors
Powered by wireless energy

Wireless link/gateway End users
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  AN APPLICATION

Broadband
Rectenna

Power 
Management

Circuit

Temperature 
& Humidity 

Sensor

PC

Data 
Receiver

Wireless 
link

Self-powered
Harvesting

Wireless sensors
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End users



A DEMO SYSTEM IN ACTION
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To monitor Liverpool city environment wirelessly for 3 years



SITE PICTURE: BROWNLOW HILL 
CAR PARK 
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Receiv
ed



WEH VS. WPT

• Broad band vs. narrow band

• Lower power vs. higher power

• Receiver vs. transceiver

• Different applications

• The same device - rectenna
21/02/2019 09:05 52



4. CONCLUSIONS
❑ We have developed a range of broadband rectennas for WEH

❑ with enhanced conversion efficiency at low power levels

❑ with reduced load effects and impedance matching

❑ Matching network elimination towards simplified and efficient 

broadband rectenna designs

❑ An example for IoT application has been given. 

❑ Two novel designs for power line magnetic field energy harvesting 

have been given.
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FUTURE WORK

• How to increase the harvested energy?

• Rectenna array: what is the best combination scheme?

• How to improve efficiency for different powers, freq. and loads
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I have a dream…


